D. salina is meanwhile a potential source to produce glycerol: D. salina cells can accumulate up to 80% of their biomass as glycerol, depending on biological and environmental conditions [5] . This comes about as a characteristic response of Dunaliella to salinity stress, which is able to adjust the intracellular concentration of glycerol by regulating carbon flux between starch production in the chloroplast and the accumulation of glycerol in the cytoplasm. Glycerol is synthesised via both photosynthesis and starch degradation, and serves as an osmolyte responding to changes in environmental osmotic pressure [6] [7] [8] . Glycerol is currently used in food, feed, pharmaceutical and cosmetic industries and can also be used as a 'green chemical' feedstock to replace a variety chemicals currently derived from fossil fuels such as: ethylene and propylene glycols, 2,3-butanediol, epichlorohydrin and acrolein [9] . More recently glycerol has found applications as an emerging biofuel for an entirely new environmentally-sustainable, biofuel industry [10] . Although the gross calorific value or higher heating value (HHV) of glycerol is only 18 MJ kg -1 [11] , it has a favourable volumetric energy density compared to other biofuels, and the McNeil combustion cycle allows it to be combusted for cogeneration at high efficiencies and with very low emissions without chemical alteration or the addition of combustion enhancers [10] .
Commercial viability of an algal biorefinery needs to support the integration of large volume, low value microalgae biofuel production with high value co-products or by-products, without saturating any likely markets [12] . The product portfolio afforded by cultivating Dunaliella offers advantages for testing the commercial viability of an algal biorefinery: (a) there are multiple markets for glycerol either as a biofuel or chemical feedstock; this should allow production to suit different markets according to price; (b) it is possible to manipulate culture conditions to produce suites of different compounds flexibly from Dunaliella to meet market requirements, sustainably [4] . However, a major challenge for all algae biorefineries resides in cost effective harvesting [13, 14] . It has been suggested that 20 to 30% of the costs of microalgal biomass is due to the costs of harvesting [15] [16] [17] , but estimates as high as 50% of microalgal biomass cost have been given [13] .
Algal cells can be concentrated from culture broth using a variety of techniques that include gravity sedimentation, cross-flow filtration, coagulation, flocculation and centrifugation [18] . For many pilot and commercial scale processes one or more of these techniques has been proven effective. Dunaliella cells are approximately ~10 µm in diameter [5, 19] , and neutrally buoyant in a high specific gravity, high viscosity brine [5, 18] . Also cell densities in large-scale cultures are usually < 1 g l -1 [20] [21] [22] , therefore very large volumes need to be processed. But of more importance: unlike most of the green microalgae species, Dunaliella cells lack a rigid cell wall, instead possessing a thin elastic plasma membrane enriched in free sterols able to rapidly adapt to changes in external salt concentration [5, 23] .
Current harvesting technology for Dunaliella uses stacked disk clarifier centrifuges [16, 24, 25] , which are the most common industrial centrifuges [26, 27] . A disc-stack centrifuge consists of a relatively shallow cylindrical bowl containing a number (stack) of closely spaced metal cones (discs) that rotate with the bowl. The mixture to be separated is fed to the centre of the stack of discs and under the influence of centrifugal force the dense phase travels outwards on the underside of the discs and the lighter phase is displaced to the centre. Materials of different densities are separated into thin layers, and the narrow flow channel of 0.4-3 mm between the closely spaced discs means that the distance materials must travel for this separation to occur is small [26, 28] . Disc-stack centrifuges are ideally suited for separating particles of the size (3 -30 µm) and concentration (0.02 -0.05%) [20] typical of algal cells found in commercial growth systems [27, 29] . However, they shear and lyse the Dunaliella cells during the separation cycle because of the combination of high g-forces (11,000 -15,000 g) and hydrodynamic stresses [27, [30] [31] [32] . For the harvesting of cell biomass enriched in β-carotene this has not been a problem: β-carotene accumulates as droplets in the periphery of chloroplasts and remains within the algal biomass during separation: it is readily recoverable. Indeed Ben-Amotz and Avron [25] found continuousflow centrifugation with automatic discharge was one of the most effective methods for Dunaliella harvesting for biomass enriched in β-carotene. However, if the cells rupture, usually the case with clarifier centrifuges or filtration, glycerol and other water soluble compounds from cytosol would leak to the surrounding water, making it difficult to recover economically from the resulting dilute solution in the brine.
In this paper we present results from centrifugation experiments aimed at examining the effect of increasing g-force on the harvesting of Dunaliella cells using cytosolic glycerol as a marker for evidence of cell rupture. The work also used mechanistic calculations to examine the forces acting on a cell during centrifugation that may results in cell rupture.
Methods

Cell Culture
The green microalga Dunaliella salina (Dunal) Teodoresco CCAP 19/30 was obtained from the Culture Collection of Algae and Protozoa (CCAP, Scotland, UK) and maintained in a temperature controlled growth chamber at 23 ± 2 °C. Illumination was provided under a 12/12 h light/dark cycle by cool white fluorescent lamps with a light intensity of ~45 μmol s -1 m -2 photosynthetically active irradiation (PAR). D. salina was cultured in modified Johnson's medium [33, 34] with 2.0 M NaCl. Cultures were maintained in stationary 250 ml shake flasks containing 100 ml medium for 10 days before harvesting with centrifugation.
Centrifugation
Aliquots (1.5 ml) of algal culture broth were centrifuged using a bench top micro-centrifuge (Eppendorf 5415R) at room temperature. Centrifugation was carried out at a representative selection of different speeds across range of the micro-centrifuge (1000, 2000, 3000, 5000, 7000, 9000, 11000, 13000, and 15000 g) for 10 min and each centrifugation condition was tested at least in triplicate. After centrifugation the supernatant was removed for analysis and the cell pellet was carefully re-suspended into fresh medium.
Cell Density
Cell densities of the culture broth, the new algal suspension and the centrifugation supernatant were measured by counting the intact cell number using a haemocytometer.
Glycerol Determination
The amounts of glycerol in the harvested cell pellet and centrifugation supernatant were both determined using the sodium periodate reagent method [35] : Cell pellets were re-suspended in 1.5 ml water and 0.2 ml chloroform followed by vigorous mixing. The water phase containing glycerol was recovered by centrifugation at 10,000 g for 10 min at room temperature. A series of glycerol standard solutions were prepared and 0.2 ml of each working standard and the glycerol sample were treated with 1 ml of periodate reagent (65 mg NaIO 4 in 90 ml of water, 10 ml acetic acid, and 7.7 g ammonium acetate) and 2.5 ml of acetylacetone reagent (2.5 ml of acetylacetone in 247.5 ml of isopropanol). All solutions were placed in a water bath at 60 °C for 30 minutes and stirred manually. The solutions were allowed to cool and the absorbance was measured using a UV/Vis spectrometer at wavelength of 410 nm. GC-MS analysis was used to confirm glycerol identity [36] : A 0.2 μl aliquot of the derivatised extract was injected into an Agilent DB5 capillary column (30 m × 0.25 mm × 0.25 μm). The inlet temperature was set at 220 °C. After a 5-minute solvent delay, initial GC oven temperature was set at 60 °C. Two minutes after injection, the GC oven temperature was raised to 240 °C (6 °C min -1 ), and finally held at 250 °C for 6 min. Helium was used as the carrier gas with a constant flow rate set at 1 ml min -1 . The measurements were made with positive electron impact ionisation (70 eV) in the full scan mode (m/z 30-550). The detected peaks were identified by matching samples with spectra of the glycerol standard and using the GC-MS Metabolites Spectral Database (NIST 2005) mass spectral library.
3 Results, discussion and calculations
Experimental results
The total intact cells after centrifugation in both the supernatant liquid and settled pellet, together with that initially in culture media, for a range of g-forces in a bench-top centrifuge are shown in Figure 1 . Across the whole g-force range tested, only a very small number of cells remained in the supernatant with the majority of the intact cells existing in the harvested cell pellets. Using an applied g-force of 3000 g, a cell paste ~60% solids was harvested comprising nearly 100% of the total cell biomass present mainly in the form of intact cells (7.75 × 10 6 cells, 6.01 ± 0.07 g l -1 ). However, the number of intact cells recovered in the cell pellets decreased with increasing g-force, especially when the g-force was above 5000 g. When the g-force increased to 9000 g, the number of intact cells observed was only ~60% of that in the original culture broth. Therefore, although a higher g-force is usually used to harvest most microorganisms, for D. salina, a significant number of cells would be damaged during centrifugation at high g-forces (> 5000 g).
In Figure 2 the percentage of glycerol recovered in both the harvested cells and remaining in the supernatant together with the percentage of intact cells recovered are plotted against g-force. The amount of glycerol lost in un-harvested cells, was very low (0.03% to 1.3% of the original glycerol present) compared with the amount of glycerol found in harvested cells or in the supernatant from ruptured cells, the concentration reducing with increasing g-force. Cell biomass comprising intact cells declined steadily and increasing quantities of glycerol were released to the culture medium with increasing g-force. When the g-force was no higher than 5000 g, the glycerol recovery rate was ~90% of the total. The maximum recovery of glycerol was obtained at ~2000 g in this study. With g-forces ≥ 9000 g, only ~60% of the glycerol was recovered, which was in line with the amount of intact cells harvested at such high g-forces.
The hydrodynamic stress caused by centrifugation with a bench-top centrifuge ruptured cells of D. salina at centrifugal forces ≥5000 g and ~40% of the cells were ruptured at centrifugal forces ≥ 9000 g. There was a good correlation between the amount of glycerol released to the medium and the number of cells ruptured, and only ~60% of the intracellular cytosolic marker glycerol was recovered at g forces ≥ 9000 g. This suggests the amount of glycerol increased in the supernatant was only caused by the increased number of ruptured cells whilst little glycerol would be released by the un-ruptured intact cells. Not all Dunaliella species may respond in the same way. Cells of D. tertiolecta for instance have been reported to have a specific transport protein for taking up exogenous glycerol [37] or excreting it [38] . Nevertheless Chow, et al. [38] recently described the continuous extraction of glycerol by centrifugation using cells of D. tertiolecta. Applied centrifugal forces of 10000 g were used for 20 min in a bench-top centrifuge to harvest D. tertiolecta cells and most of the glycerol was found in the supernatant rather than in the harvested cell pellets. This would be as anticipated based on the results presented here. Adopting their approach for recovering cellular contents from the bulk medium, however, may require more energy in the long term than recovery from the concentrated cell pellet [14, 18, 27] .
Calculation of hydrodynamic forces during centrifugation
The g-force to rupture Dunaliella cells in a laboratory centrifuge was found to be 5000 g in this study. Cells can experience a number of forces during centrifugation: -Hydrodynamic stresses due turbulence -Viscous drag -The increase in cell 'weight' due to the 'centrifugal force' -Hydrostatic pressure due to liquid head -Pressure due to the 'weight' of cells in the pellet of recovered cell material A range of calculations were carried out to examine the various hydrodynamic forces acting on the algal cells during centrifugation.
Estimate of cell membrane thickness
The cell membrane enclosing the Dunaliella cell has been described as being "almost invisible" [5] . Typically cell membranes are bimolecular layers with the thinnest being lipid bilayers (liposomes) at 4 -5 nm [39] . Aquaporins are channel proteins, which allow the diffusion of water and small solutes, such as glycerol, across biological membranes. Aquaporin molecules span the membrane to form pores [40, 41] . The radius, r p (nm), of an aquaporin can be calculated from the molecular mass in Daltons, M (Da) [42] :
The typical molecular mass of aquaporin is 28 kDa [40, 41] . If the membrane is assumed to be the thickness of aquaporin molecule a membrane thickness of 4 nm can be estimated in agreement with the typical thickness of a lipid bilayer.
Estimation of pressure to rupture cell membrane
The unicellular green alga Chlamydomonas eugametos which unlike Dunaliella has an algal cell wall surrounding the cell membrane was found to rupture at 95 atmospheres (9.63 MPa) [43] . The yield stress σ y (Pa) for a thin walled sphere can be calculated using the following equation [39, 44] Equation 2 σ y = pr c 2t Where p is the pressure exerted over the plane circular area (Pa), r c is the radius of the cell (sphere) (m) and t is the thickness of the wall or membrane (m). For Chlamydomonas eugametos a microalgal wall stress of 6300 atmospheres (638 MPa) was calculated by Carpita [43] from equation 2 for a cell radius of 8 μm and a cell thickness of 60 nm. The bounding plasma membrane in cell wall-less Dunaliella is considerable thinner than that of the combined membrane and extracellular cell wall in Chlamydomonas eugametos and a lower pressure will rupture the cells. Assuming similar strengths of their boundary molecular architecture, albeit they have different molecular compositions, and rearranging equation 2 the pressure to rupture a Dunaliella cell membrane was calculated to be 1.0 MPa, for a cell radius of 5 μm, a cell thickness 4 nm and yield strength of 638 MPa.
Cell velocity and potential forces during centrifugation
In sedimentation gravitational forces cause liquid or solid particles to separate from a liquid of different density, but the process can be extremely slow especially if density difference or particle size is small. Sedimentation can be described by Stokes' Law which assumes that sedimentation velocity is proportional to the square of the (Stokes') radius of the cells and the difference in density between the micro-algal cells and the medium as shown below:
Equation 3 Settling velocity= 2 g n r c 2 (ρ s -ρ 1 ) 9 µ Where g n is standard acceleration due to gravity (9.81 m s -2 ) r c is cell radius (m), µ is fluid dynamic viscosity (Pa s) and ρ s and ρ l are the solid and liquid densities (kg m 3 ). In centrifugation, gravity is replaced as the force driving separation by a much greater 'centrifugal force', thus greatly reducing separation time. The force is normally expressed as g-force (g) the acceleration experienced by the body expressed as a multiple of the standard acceleration due to gravity, therefore for centrifugation g n is replaced in equation 3 by g c (ms -2 ), the product of g and g n Stokes' law holds for spheroid shapes, but microalgae are most often not spherical having a diverse range of shapes [45] [46] [47] . The shape of the Dunaliella cell was assumed to be spherical with a diameter of 10 μm. The density and viscosity of 1000 kg m 3 and 1000 μPa s [48] was assumed for the growth medium. The cytoplasm of marine micro-algae has a density between 1030 and 1100 kg m -3 [46] , the density of cyanobacteria is between 1082 and 1104 kg m -3 [49] , marine diatom and dinoflagellates between 1030 and 1230 kg m -3 and the freshwater green micro-algae (Chlorococcum) between 1040 and 1140 kg m -3 [50] . The density of micro-algae is thus close to that of water and of salt water (998 and 1024 kg m -3 at 20° C respectively) [48, 51, 52] and therefore there is little density difference driving micro-algal settlement. The density of the Dunaliella was assumed to be 1260 kg m 3 the density of glycerol [53] a major component of cells of Dunaliella. The velocity of Dunaliella cell was calculated using Equation 3 at 0.04 m s -1 for 3000 g and 0.13 m s -1 for 9000 g.
Hydrodynamic stresses from turbulence
Reynolds number (R e ) has been described as one of the most basic concepts in fluids and the most important dimensionless number [54] . It is the ratio of inertia forces to viscous forces within the fluid. At low Reynolds numbers viscous forces dominate and flow is laminar, characterised by smooth motion of the fluid in layers, without significant mixing between layers. Turbulent flow occurs when inertial forces dominate, producing circulating currents or eddies, and there is exchange of momentum across the primary direction of fluid flow [55] .
Reynolds number and can be calculated by [55] :
R e = ρ l vd c µ where v is the velocity of the fluids relative to the cell (ms -1 ), d c is cell diameter (m), ρ l liquid density (kgs -1 ) and µ viscosity (Pa s). For a Dunaliella cell of 10 μm diameter in a 9000 g centrifuge the Reynolds number is 1.3 , and therefore the flow is laminar and the cell will not experience turbulent hydrodynamic forces, such as microeddies, that could damage the cell membrane [18, 27] .
Viscous Drag
The viscous drag F d (N) on a cell can be expressed as [39] :
The viscous drag is therefore 4.0 × 10 -09 N at 3000 g and 1.0 × 10 -08 N at 9000 g equivalent to pressure acting on the cell of 51 Pa and 153 Pa considerable below the calculated pressure to fracture the cell of 1.0 MPa. The force exerted by viscous drag is also below the force estimated by Lee et al. (2012) as the minimum to force to cause noticeable leakage of cell content from microalgae of 11 μN.
The increase in cell weight due to the centrifugal force
The forces acting on a cell resting on surface due to its own mass increase with increasing 'centrifugal force'. The pressure acting on the cell due to its own mass and the 'centrifugal force' is 247 Pa at 3000 g and 742 Pa at 9000 again both considerably below the estimated pressure to rupture a cell of 1.0 MPa.
Hydrostatic pressure due to liquid head
The hydrostatic pressure (p h ) exerted on cell at the bottom of a tube in a centrifuge can be considerable and can be calculated by [55] :
Equation 6 p h = h ρ g c where h (m) is the height of the liquid in the centrifuge tube. The height of the liquid in the experimental work was 30mm which at 3000 g is a hydrostatic pressure of 0.9 MPa, less than the estimated rupture pressure for Dunaliella. At 6000 g the hydrostatic pressure is 1.8 MPa greater than the estimated rupture pressure, and the hydrostatic pressure at 9000 g is 2.7 MPa over twice the cell rupture pressure.
Pressure due to the weight of cells in the pellet
The pressure of the cells in the pellet acting on the cells at the bottom of the pellet increases with the height of the pellet, the 'centrifugal force' and the density of the cell (kg m -3 ). Microalgal material has a relative low density, in this case 1260 kg m -3 , and a pellet height of 11.6 mm is required at 9000 g to achieve the pressure equivalent to a rupture pressure of 1.0 MPa, considerable greater than the height of the pellets recovered in laboratory centrifuge experiments (< 5 mm). The force due to pellet pressure for a 5 mm pellet was calculated 185 Pa and 554 Pa for 3000 and 9000 g respectively
Discussion on calculation of hydrodynamic forces
The main forces exerted on algal cells at 3000 g or 9000 g in centrifuge obtained from the above calculations are summarised in Table 1 . The calculations indicate that cell disruption at 9000 g was primarily due to the hydrostatic head of liquid above the recovered cells with the other forces such as viscous drag being considerable smaller. The calculated centrifugal shear stress to rupture Dunaliella cells is in agreement with laboratory experiments. The calculation predicts little rupture of cells at 3000 g, but rupture of the Dunaliella cell membrane at 6000 g and 9000 g with consequential loss of glycerol to the medium. The laboratory centrifuge with a known depth of liquid could be the basis of a method to calculate the rupture pressure of a range of organic cells.
Conclusion
Disruption of Dunaliella salina cells occurred due to high hydrostatic pressure in the centrifugation process. A decrease in the number of intact cells was observed when the centrifugal g-force increased above 5000 using a bench-top centrifuge. The yield of glycerol recovered in intact cells also proved to be affected significantly by centrifugation conditions. With centrifugal g-force higher than 9000, there was ~ 40% loss of the intracellular glycerol to the medium compared with g-forces below 5000. Therefore, for recovery of glycerol in intact cells, it is critical to optimise the centrifugation conditions in the harvesting of Dunaliella salina.
